Quantum mechanics predicts that the equilibrium state of a resistive electrical circuit contains a dissipationless current. This persistent current has been the focus of considerable theoretical and experimental work, but its basic properties remain a topic of controversy. The main experimental challenges in studying persistent currents have been the small signals they produce and their exceptional sensitivity to their environment. To address these issues we have developed a new technique for detecting persistent currents which offers greatly improved sensitivity and reduced measurement back action. This allows us to measure the persistent current in metal rings over a wider range of temperature, ring size, and magnetic field than has been possible previously. We find that measurements of both a single ring and arrays of rings agree well with calculations based on a model of non-interacting electrons.
Quantum mechanics predicts that the equilibrium state of a resistive electrical circuit contains a dissipationless current. This persistent current has been the focus of considerable theoretical and experimental work, but its basic properties remain a topic of controversy. The main experimental challenges in studying persistent currents have been the small signals they produce and their exceptional sensitivity to their environment. To address these issues we have developed a new technique for detecting persistent currents which offers greatly improved sensitivity and reduced measurement back action. This allows us to measure the persistent current in metal rings over a wider range of temperature, ring size, and magnetic field than has been possible previously. We find that measurements of both a single ring and arrays of rings agree well with calculations based on a model of non-interacting electrons.
An electrical current induced in a resistive circuit will rapidly decay in the absence of an applied voltage. This decay reflects the tendency of the circuit's electrons to dissipate energy and relax to their ground state. However quantum mechanics predicts that the electrons' many-body ground state (and, at finite temperature, their thermal equilibrium state) may itself contain a "persistent" current which flows through the resistive circuit without dissipating energy or decaying. A dissipationless equilibrium current flowing through a resistive circuit is highly counterintuitive, but it has a familiar analog in atomic physics: some atomic species' electronic ground states possess non-zero orbital angular momentum, equivalent to a current circulating around the atom.
Theoretical treatments of persistent currents (PC) in resistive metal rings have been developed over a number of decades (see [1, 2] and references therein). Calculations which take into account the electrons' inevitable coupling to a static disorder potential and a fluctuating thermal bath predict several general features. A micron-diameter ring will support a PC of I ~ 1 nA at temperatures T ! 1 K. A magnetic flux ! threading the ring will break time-reversal symmetry, allowing the PC to flow in a particular direction around the ring. Furthermore, the Aharonov-Bohm effect will require I to be periodic in ! with period ! 0 = h/e, thereby providing a clear-cut experimental signature of the PC.
These predictions have attracted considerable interest, but measuring the PC is challenging for a number of reasons. For example, the PC flows only within the ring and so cannot be measured using a conventional ammeter. Experiments to date [2, 3] have mostly used SQUIDs to infer the PC from the magnetic field it produces. Interpretation of these measurements has been complicated by the SQUIDs' low signal-to-noise ratio (SNR) and the uncontrolled back action of the SQUID's ac Josephson oscillations, which may drive non-equilibrium currents in the rings.
In addition, SQUIDs perform optimally in low magnetic fields; this limits the maximum ! which can be applied to the rings, allowing observation of only a few oscillations of I(!) and complicating the subtraction of background signals unrelated to the PC.
Experiments to date have produced a number of confusing results in apparent contradiction with theory and even amongst the experiments themselves [2, 3] . These conflicts have remained without a clear resolution for nearly twenty years, suggesting that our understanding of how to measure and/or calculate the ground state properties of as simple a system as an isolated metal ring may be incomplete.
More recent theoretical work has predicted that the PC is highly sensitive to a variety of subtle effects, including electron-electron interactions [4, 5, 6, 7] , the ring's coupling to its electromagnetic environment [8] , and trace magnetic impurities within the ring [9] . These theories have not explained the experimental results to date, but they do indicate that accurate measurements of the PC would be able to address a number of interesting questions in manybody condensed matter physics (in addition to resolving the long-standing controversy described above).
Here we present measurements of the PC in resistive metal rings using a micromechanical detector with orders of magnitude greater sensitivity and lower back-action than SQUID-based detectors. This approach allows us to measure the PC in a single ring and arrays of rings as a function of ring size, temperature, and the magnitude and orientation of the magnetic field over a much broader range than has been possible previously. We find quantitative agreement between these measurements and calculations based on a model of diffusive, non-interacting electrons.
This agreement is supported by independent measurements of the rings' electrical properties.
Figures 1A-C show single-crystal Si cantilevers with integrated Al rings (their fabrication is described elsewhere [10] ). All the PC measurements were made in magnetic fields well above the critical field of Al, ensuring the rings are in their normal (rather than superconducting) state.
The parameters of the four ring samples measured here are given in Table 1 .
In the presence of a magnetic field B ! , each ring's current I produces a torque on the cantilever B " # $ % ! ! ! as well as a shift &' in the cantilever's resonant frequency '. Here is the magnetic moment of the PC, r is the ring radius, and is the unit vector normal to the ring. We infer I(B) from measurements of
; the conversion between ( ) B
&'
and I(B) is described in the Supporting Online Material (SOM).
To monitor ' we drive the cantilever in a phase-locked loop. The cantilever is driven via a piezoelectric element, and the cantilever's displacement is monitored by a fiber-optic interferometer [11] . The cantilever's thermally limited force sensitivity is ~ 2.9 aN/Hz 1/2 at T = 300 mK, corresponding to a magnetic moment sensitivity of ~ 11 # B /Hz 1/2 and a current sensitivity of ~ 20 pA/Hz 1/2 for a ring with r = 400 nm at B = 8 T. By comparison, SQUID magnetometers achieve a current sensitivity " 5 nA/Hz ½ for a similar ring [12, 13, 14] . We have shown previously that a cantilever's noise temperature and the electron temperature of a metal sample at the end of a cantilever equilibrate with the fridge temperature for the conditions used here [11] .
The frequency shift of a cantilever containing an array of N = 1680 nominally identical rings with r = 308 nm at T = 323 mK is shown in Fig. 1D as a function of B. Oscillations with a period 20 mT, corresponding to a flux h/e through each ring, are visible in the raw data.
Depending upon r and ) (the angle between oscillate as a function of B with a phase which depends upon the ring's microscopic disorder, and thus is assumed to be random from ring to ring. This assumption is verified below.
To establish that &' provides a reliable measure of the PC we measured I typ (B) as a function of several experimental conditions: the laser power incident on the cantilever, the amplitude and frequency of the cantilever's motion, the polarity and orientation of the magnetic field, and the presence or absence of room temperature electronics connected to the cryostat.
These data are shown in the SOM, and indicate that the measurements of I typ (B) are independent of these parameters (for the conditions of our experiment) and reflect the equilibrium persistent current in the rings. In Fig. 2E a small peak at f ! = 2 can be seen, corresponding to the second harmonic of
I(!).
This harmonic has attracted particular attention because under some conditions it has a component which is not random from ring to ring [4, 19, 20] . The signal from such a non-random, "average" current would scale as (avg) I N + . rather than N . Furthermore, the amplitude of (avg)
I + can be strongly enhanced by electron-electron interactions [4] and other effects [8, 9] .
arises from the cooperon contribution to the PC and so requires time-reversal symmetry within the metal, which in our experiments is broken by ! M . , consistent with the discussion above. In addition, the agreement between the data for the r = 418 nm array and the r = 418 nm single ring indicates that the PC signal scales as N and hence that the PC is random from ring to ring.
The solid lines in Fig. 3 are fits to theoretical predictions in which
is calculated for diffusive noninteracting electrons. This calculation closely follows that of Ref. [18] but takes into account the presence of the large magnetic field B inside the metal (which lifts the spin degeneracy and removes the cooperon contribution to the PC) as well as spin-orbit scattering (the rings' circumference exceeds the spin-orbit scattering length, as discussed in the SOM). We find:
where
The data from each sample in Fig. 3 was fit separately, in each case using D as the only fitting parameter. The best fit values of D are listed in Table 1 . These values are typical for highpurity evaporated aluminum wires of the dimensions used here [22, 23] ; however, to further constrain the comparison between our data and theory we also independently determined D from the resistivity of a co-deposited wire (the wire's properties are listed in Table I ). This measurement is described in detail in the SOM and provides a value of D in good agreement
with the values extracted from the persistent current measurements. We note that the values of D in Table 1 show a correlation with the samples' linewidths which may reflect the increased contribution of surface scattering in the narrower samples.
The calculation leading to Eq. 2 assumes the phase coherent motion of free electrons around the ring. Measurements of the phase coherence length L ! (T) in the co-deposited wire are described in the SOM, and show that L ! 2(r for nearly all the temperatures at which the PC is observable. The closest approach between L ! and 2(r at a temperature where the PC can still be observed occurs in the 308 nm array at T = 3 K where we find L ! (3 K) = 1.86 × (2(r). It is conceivable that the more rapid decrease in
observed in this sample above T = 2 K ( Fig.   3 ) is due to dephasing; however it is not possible to test this hypothesis in the other samples, as the larger rings' PC is well below the noise floor when L ! (T) = 1.86 × (2(r). To the best of our knowledge the effect of dephasing upon the PC has not been calculated.
In conclusion, we have measured the persistent current in normal metal rings over a wide range of temperature, ring size, array size, magnetic field magnitude, and magnetic field orientation with high signal-to-noise ratio, excellent background rejection, and low measurement back-action. These measurements indicate that the rings' equilibrium state is well-described by the diffusive non-interacting electron model. In addition to providing a clear experimental picture of persistent currents in simple metallic rings, these results open the possibility of using measurements of the PC to search for ultra-low temperature phase transitions [6] , or to study a variety of many-body and environmental effects relevant to quantum phase transitions and quantum coherence in solid state qubits [24, 25] . Furthermore, the micromechanical detectors used here are well-suited to studying the PC in circuits driven out of equilibrium (e.g., by the controlled introduction of microwave radiation) [8] . Fig. 3 , is given. The stated errors are statistical errors in the fits. An additional 6% error in D is estimated for uncertainties in the overall calibration, as discussed in the SOM. The fifth sample is the co-deposited wire used in the transport measurements described in the SOM. For this sample D was determined from the wire's resistivity. Table I .
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